A B S T R A C T Primary hyperbetalipoproteinemia (type II hyperlipoproteinemia) is a common disorder associated with premature vascular disease. It is frequently due to genetic abnormalities, some of which are expressed in childhood. We have examined the manner in which that form of hyperbetalipoproteinemia known as familial hypercholesterolemia may be expressed in 236 children aged 1-19 born of 90 matings in which one parent had hyperbetalipoproteinemia of this variety and one parent did not.
A B S T R A C T Primary hyperbetalipoproteinemia (type II hyperlipoproteinemia) is a common disorder associated with premature vascular disease. It is frequently due to genetic abnormalities, some of which are expressed in childhood. We have examined the manner in which that form of hyperbetalipoproteinemia known as familial hypercholesterolemia may be expressed in 236 children aged 1-19 born of 90 matings in which one parent had hyperbetalipoproteinemia of this variety and one parent did not.
Two Gaussian populations were fitted to the distribution of both low density lipoprotein cholesterol (CLDL) and plasma cholesterol (C) in these children and a likelihood ratio test strongly favored a two over a one population model for both CLDL (X' = 18.41, P < 0.0005) and C (X' = 7.81, P < 0.025). 45% of the children were in the population identified as affected; their mean CLDL was 229. The remaining 55% were in the normal population with a mean CLDL of 110 which was indistinguishable from that of an unrelated control population, aged [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . On the basis of an assumed frequency of hyperbetalipoproteinemia in the general population of 5%, the Edwards' test indicated that a polygenic model of inheritance was highly unlikely (expected, 22%; observed, 45%).
The segregation ratio obtained from the derived intersection between the two population curves (CLDL, 164 mg/100 ml; C, 235 mg/100 ml) was 45/55 (abnormal/ normal). The percentage of abnormal children in the first decade (52%) significantly exceeded that in the second (39%) (P <0.01). The ratios (II/N) were 50/ 47 and 55/84 in the offspring of affected female and male parents, respectively (X' = 3.819, 0.05 < P < 0.10). Only 10% of hyperbetalipoproteinemic children were considered to have hyperglyceridemia. These children, frequently, but not invariably, had a parent with hyperglyceridemia in addition to hyperbetalipoproteinemia (P < 0.05). None of the affected children who were examined had ischemic heart disease (IHD) and 7% had tendon xanthomas. Half of the parents (mean age, 37.4 yr) who were examined had IHD and threequarters had xanthomas.
The data agree well with the hypothesis that hyperbetalipoproteinemia is inherited as a monogenic trait with early expression in these children. More than one genetic defect within the group is not excluded, but retrospective analyses of the 345 first-degree adult relatives of the affected parents indicated that most of the abnormal parents probably represented familial hypercholesterolemia, rather than combined hyperlipidemia, INTRODUCTION Primary hyperbetalipoproteinemia (type II hyperlipoproteinemia) is a common disorder (1) . It is frequently due to genetic abnormalities and, as such, may be ex- * The percentiles are age and sex adjusted and derived from a normal unrelated control population previously published (2) . 4 Of the 88 parents, sixteen (2 male, 14 female) were not examined by us. The mean age of the 72 who were examined was 37.4 yr (38.8 and 35.1 yr for males and females, respectively). § Ischemic heart disease is defined as documented myocardial infarction or the presence of angina pectoris. Mean ages of the parents in this group were 39.7 and 41.3 years for males and females, respectively.
pressed very early in childhood. An unknown number of genetic defects underlies familial hyperbetalipoproteinemia. One form is most generally known as familial hypercholesterolemia, essential hypercholesterolemia, or hypercholesterolemic xanthomatosis. It is attended by relatively severe hyperbetalipoproteinemia which appears consistent with a single abnormal autosomal gene (2) (3) (4) (5) , although arguments have been advanced for polygenic determination of this disorder (6) . Familial hypercholesterolemia is associated with increased hazard for premature ischemic heart disease (7) . The lipoprotein excess can often be reduced by appropriate therapy that has also been shown to be effective in children (8) (9) (10) . Hyperbetalipoproteinemia has also been recently reported to be one phenotypic expression of another apparent single gene defect, the "combined hyperlipidemia" of Goldstein, Schrott, Hazzard, Bierman, and Motulsky (11) . The expression of this disorder is usually delayed beyond childhood. We have undertaken in the present study to examine the manner in which that form of hyperbetalipoproteinemia known as familial hypercholesterolemia may be expressed in a large group of children who had one parent with hyperbetalipoproteinemia and one with normal concentrations of low density (beta) lipoproteins. The pool of affected parents was selected without reference to involvement of their children. The latter included 236 subjects from 1 through 19 yr of age.
Plasma concentrations of cholesterol, triglyceride, and three lipoprotein classes were determined. Observed distributions were tested for fit with monogenic and polygenic models of inheritance. The presence or absence of hyperbetalipoproteinemia in a child was established with a cut-point derived from the distribution of low density lipoprotein concentrations. Lipid and lipoprotein measurements were compared as indicators of abnormality. The biochemical data were supplemented with clinical information in many of the children. This represents the only systematic study of lipoproteins in a large group of children at genetic risk for hyperbetalipoproteinemia.
The data are consistent with the view that there is early expression of hyperbetalipoproteinemia inherited as a Mendelian trait in these children. Retrospective analyses of the 345 first-degree adult relatives of the affected parents indicated that most of the abnormal parents represented familial hypercholesterolemia rather than combined hyperlipidemia. More than one genetic defect within the group is not excluded, however, since prediction of familial involvement suffers from the absence of any biochemical tests which differentiate specific forms of familial hyperbetalipoproteinemia.
METHODS
Patient population. The subjects forming the population of this study were derived from kindreds in a registry of patients with primary hyperbetalipoproteinemia, i.e, high beta lipoprotein levels not secondary to other known diseases, who had been referred to the Molecular Disease Branch of the National Heart and Lung Institute. Registration required only the presence of primary hyperbetalipoproteinemia and the affected parents in this study were selected on this basis. Nearly all were Caucasians, the majority from metropolitan Washington, D. C., Maryland, Virginia, or West Virginia.
The adult propositi had either type Ha hyperlipoproteinemia (hyperbetalipoproteinemia with normal plasma triglyceride concentrations) or type Ilb (hyperbetalipoproteinemia with hyperglyceridemia) (12) . The criteria for abnormality were arbitrarily chosen as the 95% age-adjusted upper limits of plasma concentration of low density lipoprotein cholesterol (CLDL) ' and triglycerides (TG) (2) . All but two of the parents with type II hyperlipoproteinemia had a CLDL above the 99th percentile and most were 'Abbreviations used in this paper: C,plasma cholesterol; CHDL, high density lipoprotein cholesterol; CLDL, low density lipoprotein cholesterol; CVLDL, very low density lipoprotein cholesterol, all in mg/100 ml; p, population frequency; TG, triglycerides.
above the 99.9th percentile (Table I ). The spouses of these propositi included some subjects with endogenous hyperglyceridemia and normal low density lipoprotein concentrations (type IV hyperlipoproteinemia) (12) . There were no individuals with hyperlipoproteinemia of types I, III, or V (2).
The two most generally recognized syndromes or models of familial hyperbetalipoproteinemia are familial hypercholesterolemia (essential hypercholesterolemia, hypercholesterolemic xanthomatosis) and what has been recently defined as combined hyperlipidemia (11) . In the latter syndrome, about one-third of affected subjects have type Ha, type IIb, and type IV hyperlipoproteinemia, respectively, and tendon xanthomas are uncommon (11) . In an attempt to relate the parent population under study to these two syndromes, we retrospectively examined data from 345 firstdegree adult relatives of the affected parents. In 245 the lipoprotein patterns were known. Of these, there were 96 with the Ha pattern, 22 with IIb, and 16 with IV, and 101 whose patterns were normal.2 55 of the affected parents in this study had tendon or subcutaneous xanthomas, 17 were free of xanthomas, and 16 were not examined by us (Table I) . Of the latter 33 parents in whom xanthomas were absent or not documented, 16 had at least one adult first-degree relative with xanthomatosis and hyperbetalipoproteinemia. Therefore, 71 of the 88 parents had xanthomas or an adult first-degree relative with xanthomas. Of the affected parents who were examined by us, 60% of the male and 33% of female parents had signs and symptoms of ischemic heart disease ( Table I) . We concluded that most of the abnormal parents represented familial hypercholesterolemia. This presumption is based on the high frequency of xanthomas and hyperbetalipoproteinemia in the kindreds and the relatively low frequency of hyperglyceridemia. This does not imply that the parents represented a single genetic disorder. Indeed, within the models of familial hypercholesterolemia and combined hyperlipidemia, genetic heterogeneity may become evident as the specific mechanisms of familial hyperbetalipoproteinemia are elucidated.
In the registry as of January 1972 there were 240 children who met the following criteria of selection: (a) he or she was between 1 and 19 years of age; (b) both parents had their lipoprotein patterns determined in our laboratory; (c) one parent had primary type II hyperlipoproteinemia; and (d) the other parent had a normal CLDL. Two of these children were propositi and were therefore excluded from all analyses. All but two of the children who otherwise qualified were studied (ascertainment > 99%), and these 236 subjects form the basis for this report.
Sampling. Blood samples were taken from all subjects after an overnight fast of at least 12 h. They had been instructed to eat a usual American diet for at least 1 wk beforehand. None of the subjects was receiving any lipid lowering medication. Venous blood (30-35 ml) was collected in tubes containing 0. 'o-o. and 1u0-the variance and mean of the distribution under the one population hypothesis (Ho); e, /u., and t2-the variance and means of the distributions under the two population hypothesis (HA); n is the number of observations; 2. is the sum of the observations; p is the proportion of the observations in the left population; 1 -p, the proportion in the right population. The hat (or circumflex) over a parameter denotes the maximum likelihood estimate of that parameter.
The variance was constrained to be equal since this provides a more stringent test of the two population hypothesis. The maximum likelihood was given by: (20) . Smooth distribution curves were derived by calculating a series of data points with the parameters generated by the maximum likelihood method (18) and a standard formula (20) . The curves connecting the data points were drawn by hand. The regression analyses of the plasma lipids and lipoproteins on age and sex were performed by using a Biomedical Computer Program (21) .
RESULTS
The distributions of cholesterol and CLDL. The observed distribution of the logarithms of CLDL in the children appeared bimodal (Fig. 1 ). The parameters of two Gaussian populations represented in the sample values of CLDL were estimated by the maximum likelihood method (18). Two lognormal distributions were derived (18) and the sum of these two distributions was bimodal ( Fig. 1) . The geometric means, that is, the antilogarithms of the means of the logarithms (4.70, 5.44) of the left and right population, respectively, were 110.3 and 229.3.' 55% of the children were found in the left (unaffected) population, a proportion not significantly different from the 50% predicted by a monogenic trait which segregates as a Mendelian character (Z= 0.9447, P = 0.255).' The derived curves intersected at a CLDL of 164 mg/100 ml. The total percentage of children "misclassified" based on the parameters of the distribution curves (see Methods) for CLDL was 16.9%, 7.2% of the children in the normal (left) population 'The antilogarithm of the mean of the log values comprising a sample is termed a geometric mean. It is lower than the arithmetic mean of the corresponding antilog values.
were above the point of intersection (false positives) and 9.7% of those in the affected (right) population were below the intersection (false negatives).
The observed distribution of the logarithms of cholesterol did not so clearly represent more than one population. Two Gaussian populations were derived by the maximum likelihood method (18) . The sum of the two curves was not bimodal (Fig. 2) , but there was a single line (other than the x axis), tangent to the curve at two distinct points. Thus the curve for cholesterol may be considered "bitangential," evidence for a mixture of distributions even where bimodality is absent (22) . The antilogs of the means of the logarithms (5.20, 5 .66) of the left and right populations, respectively, were 181 and 288 and 59% of the children were found in the left population. The intersection of the derived curves occurred at a C of 235 mg/100 ml. The percent of children "misclassified" using the parameters of the cholesterol distribution curves was 27.4%; 8.5% of the children were false positives and 18.9% false negatives.
Likelihood ratio test. Although the distribution of CLDL and, to a lesser extent, the distribution of C as observed or derived from the maximum likelihood method gave support to the presence of at least two populations, this was further examined by employing a likelihood ratio test (see Methods). For CLDL, the likelihood ratio for a one population model (R) was 0.0001; for C, R was 0.0202, values that made it highly unlikely that only a single population was present. There was a much greater likelihood that two populations were represented (for CLDL, X'= 18.4064, P . 0.0005; and for C, X2= 7.808, P < 0.025).
Comparison of unaffected population with unrelated control population. If the presence or absence of hyperbetalipoproteinemia in these children is due to a single gene, the frequency distribution of the unaffected (left) population ( Fig. 1) should be the same as that in an unrelated control population. The distributions of C and CLDL in an unrelated control population aged [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] previously studied (2) were compared with those in the left hand (unaffected) population in the present group of children. There was no significant difference between the geometric means of the two populations.
Segregation ratio. The preceding evidence for a major gene effect, obtained from the analyses of the pooled CLDL and C data of the children, was further checked by performing a series of segregation ratio analyses (ratio of affected to nonaffected children). The antimode for C is 235 mg/100 ml. 8.5% of the children in the normal (left) population were above the cutpoint (false positives) and 18.9% of the children in the affected (right) population were below the cutpoint (false negatives).
derived intersection between the two curves for CLDL (CLDL =164 mg/100 ml, Fig. 1 ) or C (C=235 mg/ 100 ml, Fig. 2 ) if a CLDL was not available. The conclusions from the results that follow were not changed if one employed as a cutpoint the upper 5% of an unrelated control population (CLDL = 169 nil/lOG ml, C = 230 mg/100 ml) previously published (2) .
The ratio of children with hyperbetalipoproteinemia to those with normal CLDL was 105:131 (0.80), a value not significantly different from 1.0 (X2 = 2.8644), the ratio predicted for a dominant trait. There was a significantly lower proportion (P < 0.01) of affected to nonaffected children in the second decade (39% affected) compared to the first (52% affected) decade (Table II) .
A smaller proportion of males was affected compared with females in both decades, but this difference was not statistically significant.
The segregation ratios by mating according to subtypes of hyperbetalipoproteinemia are found in (Table IX) . There was a larger number of males whose CLDL concentrations fell below the 99.9 percentile of the controls (Table I ). The segregation ratio (age)) with a decreasing slope (CLDL decreased slightly with age). This regression disappeared when the normal and hyperbetalipoproteinemic children were analyzed separately (mean ages 9.2 and 10.6 yr, respectively).
The data were also analyzed for a differential influence on the CLDL and C of the offspring according to the sex of the affected parent. Means for C and CLDL in the children classified by sex of the affected parents were, respectively: 238.7 female parents and 225 male parents for C and 181.8 female, 161.7 male for CLDL. The differences were not significant (C gave t = 1.3465, and CLDL gave t = 1.8473).
Cholesterol and low density lipoproteins. Mean C and CLDL were 1.70 and 2.18 times greater in the sibs with hyperbetalipoproteinemia than in their nonaffected sibs (Table VI) . Mean C thus provided a less striking difference between normal and affected than did mean CLDL. Children with both hyperbetalipoproteinemia and hypertriglyceridemia (type IIb) had higher mean C and CLDL than did those with type Ha (P < 0.01 and <0.05, respectively). When a C > 235 mg/100 ml was used to define abnormality the diagnoses of "affected" or "normal" differed from those obtained by CLDL in 7% of the children. There were 13 children who had high density cholesterol concentrations (CHDL) below the mean and in whom the CLDL was underestimated from C alone. There were two children who had high CHDL leading to an overestimate of CLDL from C alone.
Triglycerides. The distribution of triglycerides in the children showed positive skewness, but we did not attempt to determine the presence of more than one population in the distribution. Approximately 5% of the children had a fasting TG > 140 mg/100 ml, a value which has been considered to represent the upper 5% (Table VII) . Two propositi who were children and therefore excluded from the biochemical and genetic analyses also had xanthomas. The extensor tendons of the hands and the Achilles tendon were the most common site for xanthomas to occur (Table VII) . None of the children had a history of angina pectoris or myocardial infarction. This was in sharp contrast to the parents, 76% of whom had xanthomas (mean age 37.4 yr) and 50% ischemic heart disease. The mean ages at which the affected males and females developed ischemic heart diseases were 39.7 and 41.3 yr, respectively (Table I ). The natural history of the development of xanthomas and ischemic heart disease in the children and parents was studied by examining the prevalence of these clinical findings by decade (Table VIII) .
Plasma lipids and lipoproteins in the parents The distributions of the logarithms of CLDL and C from all of the parents are found in Fig. 3 . The presence of more than one mode was expected from the original selection of one abnormal and one normal parent. The right hand distribution of CLDL, representing the affected parents, appeared to represent a single population, but detailed statistical analyses were not performed. The distribution of CHDL contained one mode but the distributions of both-CVLDL and triglycerides showed considerable positive skewness.
The data on the lipid and lipoprotein fractions for all the parents are found in Table IX . The mean ages, respectively, of parents with and without hyperbetalipoproteinemia were 37.3 and 37.2 yr. In these two groups, C, TG, and CVLDL were significantly higher in the parents with hyperbetalipoproteinemia (C, P < 0.0005; CVLDL, P < 0.0125; and TG, P < 0.0005). CHDL was significantly lower (P < 0.00025). The results demonstrated, for the first time, bimodality in the distribution of lipoprotein concentrations in a large group of blood relatives. In our subjects, CLDL clearly provided a greater separation of the two populations than did the plasma cholesterol concentrations (C). The sum of the two curves for CLDL was bimodal while the sum of the two best curves for C obtained by this method was not. However, the curve for C was touched by a tangent at two distinct points other than the x axis, a characteristic compatible with a mixture of two distributions (22) . The total percentages of children "misclassified" based on the parameters of the distribution curves were 16.9 when CLDL was used and 27.4 when C was employed. The apparently sharper definition of abnormality provided by LDL compared to cholesterol may be partially explained by the concomitant decrease in cholesterol associated with high density lipoprotein (HDL) in children with hyperbetalipoproteinemia, an observation previously reported in similarly affected infants (24) and adults (25) .
The maximum likelihood program provided an estimate of the proportion of children in the unaffected (p) and affected (1-p) population, The overall segregation ratio of 45/55 was compatible with the presence of a major gene effect. That the ratio was less than 50/50 might be explained on the basis of either incomplete penetrance or misclassification. Misclassification of subjects is a particular problem when the phenotype is defined by using a quantitative marker. Overlap and incomplete separation of phenotypes is often the case. For example, as Murphy has previously pointed out, the distribution of galactose-phosphate uridyl transferase activity in normal subjects and carriers of the galactosemia gene is bimodal but does not separate clearly even in this well-established single locus disorder (26) . In addition, there may be other loci which are modifying or preventing the expression of the mutant allele (epistasis).
Demonstration of bimodality is also not absolute evidence for a monogenic mechanism. A variety of artefacts may produce bimodality (26 (6) . Alternatively, it has been pointed out, however, that intrafamily differences may tend to obscure bimodality (27) . Numerous environmental and genetic factors undoubtedly affect C and CLDL and the interaction of these factors in any given family is likely to be quite complex. In spite of the variety of such modulating influences, we found in this study the coexistence of children with either a significantly elevated or an obviously normal CLDL in many sibships. In addition the distribution curve for CLDL of the left (unaffected) population could not be distinguished from that of an unrelated control population. Furthermore, we have presented evidence that the size of the affected population was not due to excessive contribution of affected children from a few sibships (Table IV and V) and that bimodality was not related to an effect of the sex of the affected parent.
The presence of the two apparent populations among the children observed here was further tested by a likelihood ratio test. Unimodal distributions for C and CLDL would be expected if these variables were determined primarily by the action of multiple loci. The one-population hypothesis was tested against the two-population hypothesis for both CLDL and C. Results of the likelihood ratio test indicated that it was highly unlikely that a unimodal model could explain the observed distributions of CLDL or C.
We also tested the possibility that the pattern of inheritance in these children was simulating Mendelism. The Edwards model of multiple interacting genes (23) was used, the calculations being based on the assumption that the abnormality in the affected parents occurred at a population frequency (p) of 5%. The predicted frequency of affected children was far lower than that observed, again supporting a monogenic hypothesis.
Segregation ratios for the two populations among the children were computed by two methods. One was based on the distributions generated by the maximum likelihood method (18). The other used the upper 5% from an unrelated control population as a cutpoint (2) . In the first instance an individual child was considered affected or unaffected according to a CLDL of 164 mg/100 ml, the nadir between the two populations. In the second analyses, a CLDL of 169 mg/10 ml was used as the cutpoint. By either method the segregation ratio was not significantly different from 1.0 when the children of all ages were considered.
The evidence is convincing that in the population we have studied hyperbetalipoproteinemia (and hypercholesterolemia) is produced by mutation at a single autosomal locus, or one of several loci having similar expressivity. If we assume that familial hypercholesterolemia is the disease primarily represented here, the present study provides unequivocal confirmation of the monogenic inheritance of this disorder or group of similar disorders as suggested by previous work in other kindreds (3) (4) (5) (6) 11) .
Although the evident monogenic defect is usually sufficiently powerful to override what are undoubtedly a multiplicity of other environmental and genetic factors controlling LDL concentrations, there may be certain unknown factors controlling expression of the mutant gene. Evidence of this was obtained by comparing the proportion of children with hyperbetalipoproteinemia at two different decades. The percent affected among children < 10-yr old (52) was significantly higher than in the children ages 10-19 (39) (P <0.01). It has been previously suggested that the hyperbetalipoproteinemia in familial hypercholesterolemia is expressed quite early in life (3-5, 11, 28) , and we have recently presented evidence that approximately half of the progeny of a single affected parent have elevated CLDL in cord blood (24) . There being no evidence of unusual mortality or morbidity in these children, the above data then suggest that influences operating during adolescence may tend to obscure hyperbetalipoproteinemia in some children. At least one longitudinal study has suggested that 80% of normal children had a decrease in plasma cholesterol during adolescence (29) . The deficiency of affected subjects among older children was pursued further in connection with segregation analyses performed according to the sex of the affected parent. The latter unexpectedly revealed that the ratio of affected to normal children was considerably higher when the mother was affected than when the father had hyperbetalipoproteinemia, a difference that falls between the 0.05 and 0.10 level of statistical significance. There was a downward trend, however, in the percentage of affected children in the second decade regardless of the sex of the affected parent. We believe that suggestion of an effect of parental sex on expression may be an indication of genetic heterogeneity most marked in the male affected parents, but no proof for this could be developed.
We also examined the prevalence of concomitant hyperglyceridemia in the children and its relationship to the same phenomenon in the affected parent. It is not known what factors account for hyperglyceridemia in only some patients with familial hypercholesterolemia or combined hyperlipidemia. About 10% of the affected children also had hyperglyceridemia (type IIb) as judged by the arbitrary cut-off we employed. A hyperbetalipoproteinemic child of a parent with type IIb was more likely to have hyperglyceridemia; however, many of the children of type IIb parents had hyperbetalipoproteinemia with normal triglyceride concentrations (type Ha). A comparison of the frequency of the two patterns of hyperbetalipoproteinemia in the children and in the parents and their adult relatives suggested that the frequency of concomitant hyperglyceridemia will increase somewhat as the children grow older.
Jensen and Blankenhorn (6) (11) lend it considerable importance. In this study, we have seen a marked difference in the presence of xanthomatosis and ischemic heart disease in the children compared to their parents or other adult relatives (1) . The apparent urgency of establishing prophylactic measures early creates special need for better understanding of hyperbetalipoproteinemia in children. The present study defines the frequency of abnormality, the high penetrance, early expressivity, and certain other features that occur in children of parents who appear to have a fairly uniform disorder. The data provide a base useful for comparison with information similarly gathered in children from families affected with different kinds of hyperbetalipoproteinemia, as these become better defined in both genetic and biochemical terms.
